Techniques for the isolation of ovarian follicles and maturation of oocytes in vitro have enormous reproductive potential. Preservation of normal tissue function is vital. This study emphasizes the ultrastructure and viability of mechanically isolated bovine small (diameter 40-100 µm) preantral and large (140-450 µm) preantral/early antral follicles. Viability studies were performed for small preantral follicles. The presence of esterase activity, active mitochondria and dead cells served as parameters of oocyte and granulosa cell viability. After 1 day of culture, all follicles had a viable granulosa, displaying active mitochondria and/or esterase activity in all their cells, although a few (generally <5) dead granulosa cells were present in 17% of the follicles. Of the oocytes, 35 and 80% had esterase activity and active mitochondria respectively, whereas 8% appeared dead. The percentages of oocytes showing esterase activity and active mitochondria decreased during culture, whereas the percentage of follicles with dead oocytes or dead granulosa cells strongly increased. More than 90% of the isolated small follicles showed a poor ultrastructure, especially of their oocyte, which points to a negative selective isolation of poor follicles in the present study and/or an isolation procedure-induced damage of follicles. With respect to large preantral follicles, 42% of those dis
Introduction
At birth, hundreds of thousands (Russe and Sinowatz, 1991) to millions (Zhang et al., 1995) of small follicles are present in the ovaries of livestock animals and humans respectively. If it were possible to stimulate the growth of these follicles in vitro and to keep them viable to a stage at which the oocyte could be matured and fertilized, the reproductive potential of viable livestock animals, endangered species and infertile women could be enormously enhanced. Various methods have been developed to isolate and culture preantral follicles in vitro (Telfer, 1996; Hartshorne, 1997; van den Hurk and Bevers, 1997) . Various papers have reported the production of embryos or live young when the mouse is used as a donor for small follicles (Eppig and Schroeder, 1989; Spears et al., 1994; Cortvrindt et al., 1996 Cortvrindt et al., , 1997 . In contrast to this rodent species, large livestock animals and humans have a long cycle in which the follicles grow relatively slowly, and have follicles that are difficult to isolate from their surrounding connective tissue. Nevertheless, Zhang et al. (1995) and Hirao et al. (1994) were able to obtain in-vitro matured oocytes after isolation and culture of human primordial follicles and large preantral follicles respectively.
With the development of techniques for the isolation of ovarian follicles of various mammalian species such as rat, hamster and human, it has become possible to study the effects of individual endocrine and paracrine factors on follicular development in vitro (Roy and Greenwald, 1985, 1996; Roy, 1993; Cain et al., 1995; Abir et al., 1997; Hartshorne, 1997) . To obtain ovarian follicles, enzymatic and/or mechanical techniques are employed. Successful application of both methods has been described for the isolation of bovine follicles (Figueiredo et al., 1993; Telfer, 1996; van den Hurk and Bevers, 1997) . Growth factors such as activin, fibroblast growth factor-2 (FGF-2), epidermal growth factor (EGF) and insulin-like growth factor (IGF) have been shown to stimulate bovine follicular growth through granulosa cell proliferation Nuttinck et al., 1996; Ralph et al., 1996; Wandji et al., 1996a; Gutierrez et al. 1997 ).
The quality of small follicles used for in-vitro studies is frequently determined on the basis of DNA increase (Nuttinck et al., 1993; Roy and Treacy, 1993) and nuclear bromodeoxyuridine (BrdU) , [ 3 H]thymidine incorporation (Roy and Greenwald, 1986; Roy and Treacy, 1993; Wandji et al., 1996a) or proliferating cell nuclear antigen (PCNA) visualization (Wandji et al., 1997) in these follicles, indicative for granulosa cell proliferation, or their morphological appearance by phase-contrast microscopy (Figueiredo et al., 1993; Ralph et al., 1996) . Subjective morphological criteria, such as the lucidity of the granulosa layer and the intactness of the follicle, are applied to select follicles for culture and to determine their survival during the culture period. It would be appropriate to establish more objective criteria for the determination of follicular quality, especially that of the oocyte, to ensure a homogeneous and viable starting population. However, information concerning the quality or viability of the oocytes in these follicles is scarce. Recently, Schotanus et al. (1995 Schotanus et al. ( , 1997 and Oktay et al. (1997) introduced the use of cell activity markers to determine the viability of follicles and their oocytes in bovine and human small follicles respectively. The present study was designed to give more information on the ultrastructure and viability of mechanically isolated, noncultured and cultured bovine small preantral follicles (diameter range 40-100 µm), obtained by the method of Figueiredo et al. (1993) , and on the ultrastructure of dissected and cultured bovine large preantral/early antral follicles (diameter range 140-250 µm), obtained by the method of Ralph et al. (1996) . The ultrastructure of isolated, non-cultured and cultured preantral follicles was compared with that of follicles present in slices from the ovarian cortex. Based on various cellular ultrastructural features, follicles were classified as good, mediocre or poor. As viability parameters for follicular oocytes and granulosa cells, the presence of esterase activity, active mitochondria (indicative of intact cells) and nucleic acids in cells with compromised membranes (indicative of dead cells) was determined, by using calcein-AM, rhodamine 123 and ethidium homodimer-1 respectively (Poole et al., 1993; de Clerck et al., 1994) . The fluorescent signals of these probes were detected by confocal laser scanning microscopy (CLSM; Schotanus et al., 1997) .
Animals, experimental design, and analysis
The experiments were carried out with ovaries of adult animals (n = 15), 26 week old calves (n = 8) and a 4 day old calf (n = 1). All ovaries were collected at a slaughterhouse, except for the 4 day old calf, which was born and kept at the housing facility of the Faculty of Veterinary Medicine, Utrecht University. It should be noted that, for the adult animals, no information regarding their age and physiological status was available.
In the first studies, the viability of small preantral follicles that were derived from adult cows and cultured for 1 or 8 days were studied with the use of fluorescent markers, visualized by CLSM. In subsequent studies, small preantral follicles within the ovarian cortex of 1 day old, 26 week old and adult animals were ultrastructurally investigated. Likewise, cortical large preantral follicles of adult cows were studied. Furthermore, ultrastructural studies were carried out with (i) isolated, non-cultured small preantral follicles collected from the 4 day old calf and from various adult cows, and (ii) small preantral follicles derived from adult cows and cultured for 8 days. Finally, from adult cows, the ultrastructure of isolated, noncultured large preantral follicles and of those cultured for 5 days were studied.
All data were analysed by the χ 2 test, i.e. the percentages of viable oocytes and granulosae during culture, the percentages of ultrastructurally good, mediocre and poor pre-antral follicles within the cortex of different-aged animals and, from 4 day old calves, the percentages of cortical and isolated non-cultured follicles. Likewise, from adult cows, the percentages of ultrastructurally good, mediocre and poor non-cultured small and large preantral follicles were compared with those of cultured follicles from corresponding size classes. Values were considered statistically different when P < 0.05.
Isolation and culture of small preantral bovine follicles (40-100 µm)
The ovaries were transported to the laboratory in a thermos flask without fluid. The isolation of the preantral follicles was carried out according to Figueiredo et al. (1993) . The ovaries were cut in half, whereafter the medulla, corpora lutea and corpora albicans were removed. The ovarian cortex was cut into small fragments, using a tissue sectioner set at 250 µm intervals (Mickl lab., Guildford, UK). These fragments were collected in 50 ml of isolation medium [M199 + HEPES (15 mM), 25°C; Gibco Life Technologies, Breda, The Netherlands] containing antibiotics/antimycotics (penicillin, 100 U/ml; streptomycin, 100 mg/ml and fungizone, 250 ng/ml; Gibco) and 5% (v/v) fetal calf serum (Gibco). The suspension was slowly pipetted (10×) and subsequently filtered through two nylon filters (500 µm and 100 µm pore size; Wright, Brussels, Belgium). After centrifugation (220 g) for 5 min at room temperature, the follicles were resuspended in 10 ml of isolation medium, transferred to a petri dish (10 cm diameter; Greiner, Alphen a/d Rhijn, The Netherlands) and examined by phase-contrast microscopy under an inverted microscope (IMT2, Olympus, Tokyo, Japan). The follicles were picked up, using a glass micropipette, and transferred to a droplet (20-50 ml) of calf skin-derived collagen type I (Delvoye et al., 1983) in M199 (2.5 mg/ml) on sterile glass coverslips (8 mm diameter) in 4-well culture plates (Nunc, Roskilde, Denmark).
Follicles classified as morphologically normal follicles (MNF) according to the criteria of Figueiredo et al. (1993) were selected for the experiments. Under the inverted microscope, these follicles appeared to have a smooth surface, a clear and compact granulosa cell layer and a lucid oocyte. This class of follicles is henceforth referred to as small preantral follicles. The remaining follicles were classified as morphologically abnormal follicles and had either a mechanically damaged surface, a dark condensed oocyte, a dark granulosa layer or a combination of these features. Only MNF were cultured in a droplet of collagen gel (50 µl, 1.5 mg/ml) and cultured in 0.5 ml of M199, supplemented with insulin (6.7 mg/ml), human transferrin (6.7 mg/ml), sodium selenite (6.3 ng/ml), sodium pyruvate (0.23 mM), glutamine (2 mM), hypoxanthine (2 mM) and bovine serum albumin (3 mg/ml) (5% CO 2 , 39°C). These supplements were purchased from Gibco. The medium was changed every second day. The diameter of the follicles ranged from 40 to 100 µm, with the majority (80%) of them with a diameter of <60 µm. These latter follicles were predominantly primary follicles and secondary follicles with two layers of granulosa cells.
Esterase activity and metabolic active mitochondria
After 24 h or 8 days of culture, the gels containing small preantral follicles were incubated with freshly made culture medium (0.5 ml) containing only calcein-AM (0.2-1 µM; Molecular Probes, Eugene, OR, USA) or only rhodamine 123 (1-10 µM; Sigma, St Louis, MI, USA), calcein-AM in combination with rhodamine, or calcein in combination with ethidium homodimer-1 (0.2-0.5 µM) for 45 min at 39°C. Calcein-AM enters the cell and gets cleaved by non-specific esterases in living cells, leaving calcein, a fluorescent product at 522 nm, in the intact cell (de Clerck et al., 1994) . Active mitochondria were visualized with rhodamine 123, which accumulates in mitochondria with a membrane potential and which is fluorescent at 585 nm (Tokura et al., 1993) . Ethidium homodimer-1 enters permeable (dead) cells and then binds to DNA with high affinity, after which it is fluorescent at 585 nm. Ethidium homodimer-1-stained cells can be considered as non-viable.
The presence of esterase activity, active mitochondria and/or dead cells was scored for both the oocyte and granulosa cells in a series of optical sections (one made every 4 µm) through each follicle, using a confocal laser scanning microscope. The coverslips containing the follicles were put upside down on an object glass with a well, containing 50 µl phosphate-buffered saline (PBS, pH 7.4). To detect the fluorescent signals of the probes, a BioRad MRC-600, equipped with an argon-krypton laser and mounted on a Zeiss axioplan microscope with a water immersion objective (×25, Zeiss), was used. Fluorescent images were stored digitally for later analysis, using BioRad software. The presence of one or more ethidium-stained granulosa cells was scored per follicle. Application of rhodamine 123 in combination with ethidium homodimer-1 was impossible, because both compounds have a similar fluorescent wavelength. The use of fluorescent probes made further culture of the follicles impossible. Tissue fragments larger than 150 µm dispersed the fluorescent light, which prevented the use of this technique for the study of the larger preantral follicles (see below).
Isolation and culture of large preantral follicles (140-250 µm)
The isolation of the large secondary/early antral bovine follicles was carried out according to Ralph et al. (1996) . Briefly, secondary follicles from slices of adult ovaries, which were kept at 37°C during the procedure using a warmed plate, were microdissected under a dissecting microscope using fine needles. The follicles were selected by similar criteria to those used to select the small preantral follicles. The diameter of these follicles ranged from 140 to 250 µm and henceforth are referred to as large preantral follicles, although they occasionally possessed a small antral cavity. The follicles were processed for transmission electron microscopy directly after isolation or after 5 days of culture in TCM 199 in groups of four follicles on a collagen matrix. The medium was supplemented with fetal calf serum (10%), pyruvate, insulin and tranferrin.
Ultrastructural studies
Small pieces of ovarian cortex and the gels containing non-cultured or cultured follicles were fixed in cacodylatebuffered Karnovsky's fixative for 24-48 h at 4°C and were subsequently stored in sodium cacodylate buffer (0.1 M, pH 7.4) until processing. To enhance the visibility of the individual follicles during handling, ruthenium red (0.05% w/w; Sigma) was added to PBS and fixative. Gels were rinsed in sodium cacodylate buffer (2 × 15 min, 0.1 M, pH 7.4), followed by a post-fixation in osmium tetroxide (1%, 1 h) in cacodylate buffer (0.1 M, pH 7.4). Subsequently, the gels were washed in sodium cacodylate buffer (0.1 M, pH 7.4, 2 × 5 min) and dehydrated through a graded series of acetone (50, 70, 80, 90 and 96%, 2 min each and 100% for 5 min). The gels were embedded in Durcupan ACM (Fluka, Buchs, Switzerland), which was allowed to harden (72 h, 60°C). Ultrathin sections (50-60 nm; Ultratome, LKB, Sweden) were cut and stained with uranyl acetate and lead citrate, saturated in methanol (70%), and examined with a transmission electron microscope (CM 10; Philips, The Netherlands). The follicular ultrastructure was not altered by application of the fluorescent probes.
The ultrastructure was classified of follicles in which the cytoplasm of the oocyte could be judged. Based on criteria described by van Wezel and Rodgers (1996) and Fair et al. (1997) , the ultrastructure was classified as good, mediocre or poor. The morphology of a follicle was considered good when the oocyte and its surrounding granulosa cells possessed a well-developed endoplasmic reticulum, a Golgi apparatus, no or relatively few vacuoles and an intact nucleus. The ultrastructure of a follicle was considered mediocre when in its oocyte or in some granulosa cells the nuclear membrane was wrinkled, the mitochondria swollen and the number of vacuoles/lipid droplets abundant. The ultrastructure of a follicle was considered poor when its oocyte or a substantial number of granulosa cells contained numerous vacuoles, lipid droplets and swollen mitochondria in their cytoplasm, either alone or in combination with the presence of a necrotic nucleus/nuclei with excessive clustering of the chromatin material.
Viability assessment in small bovine preantral follicles
All preantral follicles with a morphologically normal appearance under the inverted microscope showed the fluorescent markers for esterase activity and mitochondrial activity in their granulosa (Table I ). In almost all the granulosa cells, both calcein and rhodamine fluorescence were present ( Figure 1A -C). In accordance with the absence of these markers in only some granulosa cells in 1-day cultured follicles, one or a few ethidium homodimer-stained (non-viable) granulosa cells (generally fewer than five per follicle; Figure 2A and B) could be found in 17% of these follicles ( Table I ). The percentage of follicles with dead granulosa cells increased to 39% after 8 days of culture. Occasionally, individual granulosa cells showed both ethidium homodimer and esterase staining due to intense esterase fluorescence of neighbouring cells (Figure 2A ). Although the granulosa cells always displayed both esterase activity and active mitochondria, oocytes of these small preantral follicles formed a more heterogeneous population with respect to these characteristics. Oocytes were found showing both esterase activity and active mitochondria ( Figure 1A ), or with active mitochondria but without esterase activity ( Figure 1B ) or without both characteristics ( Figure 1C) . None of the oocytes displayed esterase activity without active mitochondria. After 1 day of culture, 80% of the oocytes in small preantral follicles possessed active mitochondria, 35% had esterase activity, while 8% were stained by ethidium homodimer. Culturing for 8 days resulted in a reduction of the fraction of oocytes displaying active mitochondria or esterase activity, whereas the percentage of ethidium homodimer-stained oocytes significantly increased (P < 0.05; Table I ). A few follicles (5%) possessed oocytes that did not show any fluorescence, neither when double-stained with calcein and ethidium homodimer ( Figure 2A ) nor when stained for calcein and rhodamine ( Figure 1C ).
Ultrastructure of preantral follicles in the bovine ovarian cortex
In the ovarian cortex of a 4 day old calf, 63% of the small preantral follicles showed a good, 10% a mediocre and 27% a poor ultrastructure. Similar percentages were found in the cortex of 26 week old calves, although the percentage of good preantral follicles was somewhat decreased (Table II) . In adult cows, the percentage of good small preantral follicles ( Figure 3A ) was only 42%. From 106 cortical follicles studied, 39% appeared mediocre, while 20% were poor, since their oocytes had completely degenerated (Table II) . The data showed that the ultrastructural quality of cortical small preantral follicles differed significantly with bovine age (P < 0.05). Compared with small preantral follicles, the percentage of good large preantrals ( Figure 4C ) was relatively low (11%); 46% showed a mediocre and 42% a poor ( Figure 4D ) ultrastructure (Table II) . In some follicles with a poor ultrastructure, the area in which the oocyte resides was decreased in size, probably through phagocytosis of parts of the oocytes by granulosa cells. In general, compared to oocytes, follicular granulosa cells showed a good ultrastructure. Follicles scored as poor were found near good follicles; no specific geographic areas with poor follicles could be found within the ovarian cortex.
Ultrastructure of isolated, non-cultured and cultured bovine preantral follicles
All isolated, non-cultured small preantral follicles from the 4 day old and adult bovine showed a poor ultrastructure (Table III; Figure 3D ). The percentage of good preantral follicles found differed significantly from that found in the cortex of these animals (P < 0.01). After 1 or 8 days of culture, the follicular ultrastructure did not improve. Only one from 23 follicles showed a good ( Figure 3C ) and another one a mediocre ultrastructure. In 90% of the cultured follicles the oocyte had degenerated. From the population of isolated, non-cultured large preantral follicles, 14% had a good ultrastructure ( Figure 4C ), 22% were classified as mediocre and 64% as poor ( Figure  4D ). In contrast to the small preantral follicles, culture of large preantral follicles significantly increased (P < 0.05) the percentage of follicles with a good ultrastructure and decreased the percentage of poor ones (Table III) .
Effects of isolation and culture on bovine preantral follicles
To date, information about the quality of oocytes in isolated and cultured preantral follicles of non-rodent species is scarce. For livestock animals and humans, it is of high importance to obtain a better knowledge of the quality of in-vitro developing follicles and their oocytes, since the better the quality of these follicles, the higher the chance that in-vitro grown follicles may finally mature and give viable embryos after in-vitro fertilization (IVF). This paper focuses on the viability and ultrastructure of both granulosa cells and oocytes of isolated and cultured bovine preantral follicles. Based on the presence of esterase activity, active mitochondria, and dead cells, as well as on the ultrastructure, almost all granulosa cells of the isolated small preantral follicles (40-100 µm) that are morphologically normal under an inverted microscope, are viable at 1 day after culture. These findings are congruent with data showing a strong mitotic response of such in-vitro cultured bovine granulosa cells to various growth factors and hormones (Hulshof, 1995; Hulshof et al., 1995; Nuttinck et al., 1996) . A substantial percentage of oocytes already lacked active mitochondria and/or esterase activity after 1 day of culture, whereas 8% of the oocytes appeared dead, as indicated by a positive ethidium homodimer-1 staining. This latter percentage corresponds with that found for isolated human primordial follicles, based on propidium-iodine fluorescence (Oktay et al., 1997) . The condition of the oocytes deteriorated during 8 days of culture. Despite the presence of active mitochondria and esterase activity in many oocytes, the ultrastructure of isolated, non-cultured and cul- tured small preantral follicles generally showed a poor ultrastructure, especially that of their oocyte. Although nearly all of these oocytes possessed a poor ultrastructure, obviously fewer were ethidium-stained. This might partly (i.e. in 5% of the follicles) be due to the presence of a complete intact granulosa layer, preventing the ethidium homodimer from reaching a dead oocyte.
In contrast to the relatively high percentage of preantral follicles with a good ultrastructure in the adult bovine ovarian cortex, isolated follicles generally possessed a poor morphology, indicative of degeneration. This discrepancy may be due to selective isolation of poor preantral follicles. Follicles with a degenerative oocyte possibly have a more loose contact with the surrounding stromal tissue compared to healthy follicles, and thus can be liberated more easily from the ovarian cortex during the isolation procedure. Furthermore, changes in pH, temperature and CO 2 saturation during the isolation procedure may have dam- aged follicular viability during isolation, as has been described for cat follicles (Wood et al., 1997) . The relative contributions of the isolation procedure-induced damage and of the preferential selection of degenerative follicles to our results are unknown. In correlation with our findings, Wandji et al. (1996a) concluded that the ultrastructural quality of isolated and cultured fetal bovine preantral follicles was poor. In contrast, the majority of the isolated human primordial follicles showed a good ultrastructure (Oktay et al., 1997) . The relatively few numbers of primordial follicles present in the population of isolated bovine small follicles in the present study may explain the difference in quality.
Although the ultrastructural quality of preantral follicles in the ovaries of the only 4 day old calf studied seemed to be somewhat better than that of adult cows, no significant differences were observed between calves and cows with respect to their preantral follicle growth rates and survivability percentages . The degenerative characteristics found in the studied preantral follicles resemble those of intra-ovarian follicles of other mammalian species reported in the literature (Hubbard and Oxberry, 1991; Hsueh et al., 1994; Baarends et al., 1995) . Degeneration of oocytes in small preantral follicles normally precedes the degeneration of the granulosa cells (Hubbard and Oxberry, 1991) , followed by phagocytic removal of the oocyte by granulosa cells (Byskov, 1978) .
Isolated bovine small preantral follicles generally grow under the presently used culture conditions, due to granulosa cell proliferation (Hulshof, 1995; Hulshof et al., 1997) , although the quality of their oocyte is poor, as was indicated in the present study. Similar findings were obtained with preantral follicles from fetal bovine ovaries (Wandji et al., 1996a) . Furthermore, the granulosa cells of isolated cat preantral follicles showed proliferative activity, while their viability, evaluated by a dye exclusion test, varied only between 17 and 50% (Jewgenow and Stolte, 1996) . In contrast, methods have been developed in recent years to mature mouse preantral follicles up to the ovulatory stage (Eppig and Schroeder, 1989; Boland et al., 1993; Spears et al., 1994; Cortvrindt et al., 1996 Cortvrindt et al., , 1997 and a live young has been born after IVF of oocytes from these cultures . However, this animal suffered from health problems and died at 14 months of age, probably due to suboptimal culture conditions for oocyte development in vitro (Eppig and O'Brien, 1998) . In view of the present data on bovine oocyte quality, great care should be taken when interpreting results from most of the previous studies describing the effects of growth factors and hormones on follicular growth of small preantral follicles, particularly from those of non-rodent species.
The present results suggest that the ultrastructure of oocytes of large preantral follicles improved during culture, whereas no improvement was observed in the ultrastructure of small follicles. Recuperative capacities for in-vitro cultured bovine ovarian follicles have also been reported by Wandji et al. (1996b) . This developmental recovery of the large preantral follicles may be due to the more gentle isolation method that could be used, combined with the remaining presence of some thecal/stromal tissue around the large preantral follicles, which makes them less vulnerable to external influences. Apart from the isolation method, culture conditions for the larger follicles were necessarily different from those for the smaller follicles. For, in our hands culture of small preantral follicles on collagen gel was followed by detachment of follicles from the gel during culture , while culture of larger follicles within collagen gel blocked expansion of these follicles, which was followed by their death (R.van den Hurk, unpublished data). The application of different culture systems for smaller and larger follicles in the present study implies differences in follicle-matrix interactions, which might have had influence on follicle viability. Moreover, the presence of fetal calf serum in the culture medium for large preantral follicles might have significantly influenced their recovery during culture. This opinion is strengthened by previous studies in which addition of this serum to bovine small preantral follicles improved the growth of these follicles when compared with growth of follicles cultured in serum-free medium . Further experimental work is required to conclude whether the improvement of the ultrastructure of oocytes from large preantral follicles is due to intrinsic follicular factors, culture conditions or both.
Summarizing the preceding results, it can be concluded that, based on their ultrastructure, the quality of mechanically isolated, light microscopically normal, small preantral bovine follicles (40-100 µm) is poor when compared with that of intra-ovarian follicles, especially those from calves, and that another isolation technique and/or culture method should be developed to obtain more viable follicles of this size class. The presence of markers for cell (in)activity in these small preantral follicles is indicative for their viability. Ultrastructural investigations provide additional information on follicle quality. Both small and large (140-250 µm) preantral follicles generally have a poor ultrastructure after isolation. However, in contrast to the small ones, most large preantral follicles showed a good ultrastructure after culture, which may be due to the use of a different isolation and/or culture method. The use of ultrastructural and/or viability cell markers is recommended for in-vitro grown follicles to evaluate their quality, and particularly that of their oocytes.
